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Abstract.  Dendr it ic cel ls (DCs) a re specia l ized 
antigen-presenting cells which are important in immune 
diseases, in particular atherosclerosis, a chronic inflammatory 
disease, however their role in atherosclerosis-associated immu-
nity is unclear. To evaluate the role of DCs in atherosclerosis, 
exogenous bone marrow‑derived DCs were transferred into 
ApoE-/- mice in the present study. The extent of disease was 
measured in the aorta and was compared with mice treated 
with phosphate‑buffered saline (PBS) or left untreated and fed 
a western diet. Mice receiving exogenous DCs demonstrated 
significantly larger atherosclerotic lesions compared with the 
mice treated with PBS, with increasing numbers of mature 
DCs in circulation and enhanced DC infiltration into plaque 
lesions, in addition to activation of circulating inflammatory 
components and atherosclerotic lesions. Furthermore, it was 
demonstrated that exogenous DCs upregulated the expression 
of Toll‑like receptor 4 (TLR4) on DCs, which may be an impor-
tant mechanism to activate DCs and aggravate atherosclerosis. 
Therefore the present study concluded that exogenous DCs 
may induce maturation of endogenous DCs via upregulation 
of TLR4, further increasing the inflammatory response and 
accelerating atherosclerosis.

Introduction

Atherosclerosis is a disorder in which the intima retains lipid, 
triggering a chronic inflammatory disease mediated by innate 
and adaptive immune responses (1,2). Dendritic cells (DCs) 
constitute a family of specialized antigen‑presenting cells 
(APCs) that play a critical role as a link between the innate and 
adaptive immune responses (3). DCs have been identified in 
both the normal and pathological intima, thus they play a role in 
all stages of atherosclerosis, with multiple functions such as lipid 
accumulation, foam cell formation, pro‑inflammatory cytokine 
secretion and antigen presentation (4-7). In most tissues, DCs 
are present in an immature state and the process of maturation is 
triggered in response to inflammatory stimulation. Upon matu-
ration, DCs exhibit reduced antigen capture and uptake capacity, 
but increased antigen presentation ability and surface expres-
sion of major histocompatibility complex (MHC) class II and 
co‑stimulatory molecules such as CD40, CD80, and CD86 (8,9). 
Therefore, the maturation of DCs is the key process in the activa-
tion of naïve T cells and mediation of the inflammatory cascade.

TLR signal pathways have been described as a crucial check-
point for DC maturation by recognizing pathogen‑associated 
molecular patterns (PAMPs) and inducing this signal pathway 
that ultimately causes cytokine production and upregulation of 
MHC II and co‑stimulatory molecules by DCs (10). Previously, 
we demonstrated that in comparison with immature DCs, 
mature DCs expressed much higher levels of Toll‑like receptor 
4 (TLR4) mRNA in vitro and were better at stimulating T cell 
proliferation (in press). However, the question of whether DCs 
contribute to inflammation in vivo similar to their effect in vitro 
should be further investigated. In this study, we transferred bone 
marrow‑derived DCs (BMDCs) from wild mice into ApoE-/- mice. 
These transferred exogenous DCs induced endogenous DC matu-
ration in vivo by upregulation of TLR‑4, which further increased 
the inflammatory response and accelerated atherosclerosis.

Materials and methods

Cells and animals. The principal method of generating BMDCs 
was adapted from that published by Son et al (11) with minor 
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modifications and involved culturing bone marrow from C57BL/6 
wild‑type mice with 1,000 U/ml of granulocyte macrophage 
colony stimulating factor (GM‑CSF) and interleukin (IL)‑4 
(R&D Systems, Minneapolis, MN, USA). CD11c+ DCs were 
selected using magnetic beads (Miltenyi Biotec, Auburn, CA, 
USA) according to the manufacturer's instructions. To stimu-
late DCs, 1 µg/ml of lipopolysaccharide (LPS; Sigma‑Aldrich, 
St. Louis, MO, USA) was added from day 8 to day 9 to obtain 
mature DCs. The expression of surface molecules on DCs 
was analyzed by fluorescence‑activated cell sorting (FACS, 
FACS Aria II; Becton Dickinson Immunocytometry Systems). 
ApoE-/- mice on a C57BL/6 background were purchased from 
Jackson Laboratory (Bar Harbor, ME, USA). Eight week‑old 
ApoE-/- mice (male or female) were randomly assigned to one 
of three experimental groups (n=6‑7). One group was injected 
subcutaneously inside the thigh with 1x106 purified DCs 
and then fed normal chow (NC), the second group received 
an equivalent volume of phosphate‑buffered saline (PBS) 
and a diet of normal chow, while the third group was left 
untreated but fed a western diet (WD). Mice were kept under 
specific pathogen‑free conditions, housed in a pathogen‑free 
environment at Dalian Medical University and injected with 
DCs or PBS weekly for a total of 12 weeks. The investiga-
tion conformed to the National Institutes of Health guide for 
the Care and Use of Laboratory Animals (no. 8523, revised 
1996; NIH Publications). They were then used in accordance 
with protocols approved by the Institutional Animal Care and 
Use Committee of Dalian Medical University (L2014030). 
All mice were sacrificed at about 20 weeks of age. After a 
12 h overnight fast, animals were heavily sedated, and blood 
samples were drawn from the orbita immediately. For extrac-
tion of tissues, the spleen and the aorta from the aortic valve 
to the femoral bifurcation were removed and snap frozen at 
‑80˚C for later RNA extraction. In addition, some aorta tissues 
were stored in 10% buffered formalin at 4˚C for histological 
staining.

Cytokines and plasma lipid analysis. Mouse plasma and 
spleen levels of interleukin (IL)‑6, tumor necrosis factor 
(TNF)‑α, IL‑12p40 and IFN (interferon)‑γ were determined 
by ELISA following the manufacturer's instructions (Abcam, 
Cambridge, UK). Briefly, plasma or tissue samples were 
obtained as indicated above and stored at ‑80˚C prior to 
use. Microplate wells were respectively coated with purified 
rat anti‑mouse IL‑6, TNF‑α, IL‑12p40 or IFN‑γ, followed 
by incubation with blocking buffer at room temperature for 
1 h and subsequent washing with PBS. Subsequently, mouse 
plasma or tissue samples were added to the microplate wells 
and incubated for 2 h at room temperature, followed by incuba-
tion with biotin‑labeled anti‑mouse for IL‑6, TNF‑α, IL-12p40 
or IFN‑γ 1 h at room temperature. The absorbance at 450 nm 
was measured with a microplate reader (Thermo Fisher 
Scientifc, Inc., Waltham, MA, USA). Plasma total cholesterol 
and triglyceride levels as well as lipoprotein fractions were 
also determined following the manufacturer's instructions 
(Abcam).

Flow cytometric analysis. The expression of surface molecules 
on DCs in peripheral blood was analyzed by flow cytometry. At 
each step of the staining, 1x106 cells were stained with specific 

Abs for 1 h at 4˚C in 100 µl of PBS containing 2% bovine serum 
albumin. We used fluorescein isothiocyanate (FITC) or phyco-
erythrin (PE)‑labeled monoclonal Abs for staining of MHC class 
II (FITC), CD40 (FITC), CD80 (FITC), CD83 (FITC), CD86 
(FITC), TLR‑4 (FITC) and CD11c (PE). FITC‑ or PE‑labeled 
IgG was substituted for isotype‑matched controls. All Abs were 
purchased from BioLegend (San Diego, CA, USA).

Histological analysis. To assay the burden of lipid in the 
aorta, aorta samples were opened longitudinally and stained 
with Oil red O solution. Aortic roots were embedded in 10% 
buffered formalin for serial sections, 5 µm thick. Hematoxylin 
and eosin (H&E) staining was used to analyze lesions. 
Masson's trichrome was used to delineate the fibrous area. 
Immunohistochemistry was performed on paraffin sections 
of mouse aortic roots using rabbit anti‑murine CD4 IgG 
(10 µg/ml) and rabbit anti-murine TLR4 IgG (10 µg/ml); DCs 
were identified by immunostaining with FITC‑conjugated 
primary antibody against CD11c (5 µg/ml), and foam cells were 
identified by Alexa Fluor® 647‑conjugated primary antibody 
against CD68 (5 µg/ml) (all from Abcam). Control immunos-
taining was performed using the respective non‑immune IgG; 
no specific staining was observed. Quantification of positive 
area was performed using Image‑Pro Plus 6.0 software (Media 
Cybernetics, Silver Spring, MD, USA).

Real‑time RT‑PCR analysis. Total RNA in aorta or spleen 
was extracted using the RNAiso Reagent Plus (Takara Bio 
Inc., Shiga, Japan), and complementary DNA (cDNA) was 
synthesized using an RT‑PCR kit (Takara Bio Inc.) according 
to the manufacturer's recommendations. Table I shows the 
primer sequences and expected sizes of the products. Relative 
changes in mRNA expression were normalized with GAPDH 
and calculated using the 2-ΔΔCq method.

Statistical analysis. Statistical analyses were performed with 
GraphPad Prism version 5.0 (GraphPad Software, San Diego, 
CA, USA). Data are expressed as mean ± standard deviation. 
Statistical significance was determined by single factor anal-
ysis of variance (ANOVA) with Bonferroni correction. P<0.05 
was considered to indicate a statistically significant result.

Results

Characterization of cultured DCs. BMDCs were cultured 
with GM‑CSF and IL‑4, and stimulated with LPS to obtain 
mature DCs. More than 90% of the purified cells expressed 
the surface markers of mature DCs: MHC II, CD40, CD80 
and CD86 (Fig. 1).

Transfer of DCs increases DC maturation. To investigate 
the contribution of exogenous DCs to augmentation of the 
population of mature DCs in the peripheral blood of recipi-
ents, the percentage of CD11c+/CD40+, CD11c+/CD80+, 
CD11c+/CD86+, CD11c+/CD83+, and CD11c+/MHC II+ 
cells were analyzed by FACS. The results showed that mice 
treated with DCs showed higher expression of CD83 and 
co‑stimulatory molecules compared to mice treated with 
PBS (cells positive for CD83+/CD11c+, CD11c+/CD40+, 
CD11c+/CD86+, and CD11c+/CD80+ made up 1.3, 3.8, 2.8, 
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and 8.5%, respectively, vs. 0.3, 1.6, 1.6, and 3.5% in the mice 
treated with PBS, P<0.05, Fig. 2). Although the expression of 
MHC II in the mice receiving DCs did not differ significantly 
from that of the mice receiving PBS, the level was higher in 
the DC‑treated mice. When compared with mice fed a WD, 
mice treated with DCs showed no significant difference in 
the expression of co‑stimulatory molecules, MHC II or CD83. 
Thus, only ApoE-/- mice treated with exogenous DCs showed 
an increase in the maturation of DCs.

Transfer of DCs induces inflammatory activation in the recipi‑
ents. As we report previously, maturation of DCs could activate 
naïve T cells and the inflammatory cascade. Next, we measured 
the concentrations of the cytokines IL‑6, TNF‑α, IFN‑γ and 
IL‑12p40 in the circulation and in atherosclerotic lesions. The 
plasma levels of IL‑6, TNF‑α, IFN‑γ and IL-12p40 in the 
mice treated with DCs were all markedly higher compared to 

mice treated with PBS or those fed a WD (Fig. 3A), which is 
consistent with expression of those cytokines at the mRNA 
level in atherosclerotic lesions (Fig. 3B). Moreover, CD4+ T 
cell accumulation was markedly increased with DC treatment 
compared with the PBS treatment group (Fig. 4C). Strikingly, 
the mice treated with DCs exhibited increased spleen size 
compared to that of the mice treated with PBS (Fig. 3C). An 
intensified inflammatory reaction occurred in recipient mice 
after injection of exogenous DCs, and since inflammatory cells 
typically infiltrate and proliferate in the spleen, this may be 
thought to account for the splenomegaly. Next, we evaluated 
the content of cytokines at both protein and mRNA levels in 
spleen tissue. The protein and mRNA levels of IL‑6, TNF‑α, 
IFN‑γ and IL‑12p40 were all significantly upregulated in 
the mice treated with DCs compared with those treated with 
PBS (Fig. 3D and E). These data suggest that transfer of DCs 
induces inflammatory activation in the recipients.

Figure 1. Characterization of bone marrow‑derived dendritic cells. BMDCs were cultured and expressed high levels of MHCII, CD40, CD80 and CD86 by 
FACS.

Table I. Primer sequences for real‑time RT‑PCR.

Gene Accession no. Sequence (5'3') Size (bp)

IL‑6 NC_000071.6 F:TAGTCCTTCCTACCCCAATTTCC 76
  R:TTGGTCCTTAGCCACTCCTTC 
IL‑12p40 NC_000077.6 F:AGACCCTGCCCATTGAACTG 70
  R:GAAGCTGCTGCTGTAGTTCTCATATT 
TNF‑α NC_000083.6 F:TAGCCCACGTCGTAGCAAAC 170
  R:GCAGCCTTGTCCCTTGAAGA 
IFN‑γ NC_000076.6 F:TCAAGTGGCATAGATGTGGAAGAA 95
  R:TGGCTCTGCAGGATTTTCATG 
TLR4 NC_000070.6 F:GCCTTTCAGGGAATTAAGCTCC 114
  R:GATCAACCGATGGACGTGTAAA 
GAPDH NC_000072.6 F:TGGCCTTCCGTGTTCCTAC 178
  R:GAGTTGCTGTTGAAGTCGCA 

IL‑6, interleukin‑6; IL‑12, interleukin‑12; TNF‑α, tumor necrosis factor‑α; IFN‑γ, interferon‑γ; TLR4, Toll‑like receptor 4; GAPDH, glycer-
aldehyde 3‑phosphate dehydrogenase.



YE et al:  SUBCUTANEOUS INJECTION OF DCs AGGRAVATES ATHEROSCLEROSIS IN APOE‑KNOCKOUT MICE6044

Transfer of DCs aggravates aortic atherosclerosis. To 
evaluate the effect of transferring DCs on atherosclerosis, we 
first measured plasma lipid and lipoprotein levels. Compared 
with animals treated with PBS, mice treated with DCs 
exhibited significant increases in all lipid components except 

high‑density lipoprotein (HDL) (Table II). Next, we analyzed 
total lipid burden by using en face preparation of the aorta 
and Oil red O staining. Computer‑assisted quantitative histo-
morphometric analysis revealed a significant increase of the 
total aortic plaque burden in mice injected with exogenous 

Figure 2. Transfer of DCs increased DC maturation in peripheral blood. Eight‑week‑old ApoE-/- mice on a C57BL/6 background were injected subcutaneously 
inside the thigh with 1x106 purified DCs and then fed normal chow, a second group received an equivalent volume of PBS and a diet of NC, while a third 
group was left untreated but fed a WD. The mice were sacrificed at about 20 weeks of age, peripheral blood leukocytes were harvested and the expression of 
surface markers on DCs was assessed by flow cytometry. Cells in the gated PBLs were examined for expression of CD11c and for combination with CD40 (A), 
CD80 (B), CD83 (C), CD86 (D) and MHC II (E) from mice treated with PBS (n=6), mice treated with DCs (n=7) and mice fed a western diet (n=6); and the 
bar graph of each showing DCs as a percentage of leukocytes. Data are expressed as mean ± SD. *P<0.05, mice treated with DCs vs. mice treated with PBS. 
#P<0.05 mice treated with DCs vs. mice fed a western diet. DCs, dendritic cells; NC, normal chow; PBS, phosphate‑buffered saline; WD, western diet; MHC, 
major histocompatibility complex.
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DCs compared with those receiving PBS. Meanwhile, the 
mice fed a WD showed a serious lipid burden (Fig. 4A). 
Similarly, the atherosclerotic plaque area as a percentage 
of total aortic area was determined from H&E‑stained 
histological sections of the aorta, which showed that, in 
mice treated with DCs, the area was remarkably increased 
compared to the mice treated with PBS (Fig. 4B). In addition, 
CD4+ T cell accumulation was markedly increased with DC 
treatment compared with the PBS treatment group (Fig. 4C). 
In contrast, collagen content, assessed by Masson's trichrome 
staining, was decreased by treatment with DCs compared 
with PBS (Fig. 4D). In summary, these results indicate 
serious aggravation of atherosclerosis after DC treatment in 
ApoE-/- mice.

Transfer of DCs increases DC recruitment and foam cell 
number in lesions. To further explore the characteristics of 
atherosclerosis following treatment with DCs, we quanti-
fied the number of DCs recruited into plaques. In addition, 
like macrophages, DCs have been shown to form foam 
cells in atherosclerotic lesions, most likely via the uptake 
of lipoproteins and lipid‑laden apoptotic cells (12), so we 
also quantified the number of DC‑derived foam cells in 
atherosclerotic plaques. Foam cells are derived primarily 
from monocytes/macrophages and a single monocyte/macro-
phage marker, such as CD68, has generally been used (13). 
In this study, DC‑derived foam cells were co‑stained with 
CD11c and CD68. After transfer of DCs, a large amount of 
CD11c/CD68‑positive content was found in atherosclerotic 
lesions (Fig. 5), so we presumed that DCs in situ or those 
from the circulation had migrated into atherosclerotic lesions, 
become foam cells and been deposited in the lipid pool after 
disintegration.

Transfer of DCs upregulates expression of TLR4 in DCs. It is 
well established that activation of TLRs has been implicated 
in triggering the release of cytokines and the differentiation of 
immature to mature DCs, linking the innate immune system to 
the adaptive immune response (14). Thus, we explored whether 
expression of TLR4 in DCs coincided with similar changes 
of inflammatory cytokines and atherosclerotic lesions. Flow 
cytometric analysis showed that the expression of TLR‑4 on 
DCs in peripheral blood tended to be higher in mice injected 
with DCs compared with mice treated with PBS (5.2% vs. 3.4%, 
P<0.05, Fig. 6A). Similarly, a significant increase in TLR4 
expression at both protein and mRNA level was observed by 
immunohistochemistry and real‑time RT‑PCR in aortic tissue 
after transfer of DCs, as well as TLR4 mRNA level in spleen 
tissue (Fig. 6B and C).

Figure 3. Transfer of DCs induces inflammatory activation in the recipients. (A) ELISA detecting the level of IL‑6, TNF‑α, IFN‑γ and IL-12p40 in 
plasma from mice treated with PBS, injected with DCs or fed a western diet; (B) quantitative real‑time RT‑PCR analyzing the level of these cytokines in 
atherosclerotic lesions in the three groups; (C‑E) spleens of all mice were harvested and weighed after sacrifice, then the protein and mRNA levels of IL‑6, 
TNF‑α, and IFN‑γ were measured by ELISA and qPCR. Data are expressed as mean ± SD (n=6‑7). *P<0.05, mice treated with DCs vs. mice treated with 
PBS, #P<0.05 mice treated with DCs vs. mice fed a western diet. DCs, dendritic cells; PBS, phosphate‑buffered saline; TNF, tumor necrosis factor, IFN, 
interferon.

Table II. Intervention effects on total cholesterol, triglycerides 
and lipoprotein fractions.

 NC+PBS NC+DC WD

Weight (g) 29.6±1.4 30.1±1.6 28.7±1.9
TC (mg/dl) 465±78 566±92a 678±156
TG (mg/dl) 80±16 101±22a 114±45
HDL‑C (mg/dl) 61±14 67±18 74±32
LDL‑C/VLDL‑C 359±54 475±42a 502±50
(mg/dl)

Plasma was collected from animals in each regimen after 12 weeks, 
and plasma lipid was quantified by ELISA. Data are expressed as 
mean ± SD (n=6‑7). aP<0.05, mice treated with DCs vs. mice 
treated with PBS. TC, Total cholesterol; TG, triglyceride; HDL‑C, 
high‑density lipoprotein cholesterol; LDL‑C, low‑density lipoprotein 
cholesterol; VLDL, very‑low‑density lipoprotein cholesterol.
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Discussion

Accumulating evidence indicates a fundamental link between 
the immune system and atherosclerosis, but thus far this 
evidence has been mostly indirect (15). Depletion of plasma-
cytoid dendritic cells (pDCs) by injection of PDCA‑1 antibody 
or mice with conditional depletion of DCs (DTR‑CD11c 
transgenic mice) showed significantly reduced atheroscle-
rotic plaque formation (16,17). Herein, we demonstrate that 
transferred exogenous BMDCs can increase atherosclerosis 
in ApoE-/- mice. DC maturation is associated with the secre-
tion of pro‑inflammatory cytokines and possesses the ability 
to robustly activate naïve T cells in an antigen‑presenting 
manner, both of which are known to accelerate atheroscle-
rosis (18,19). In our study we showed that expression of the 
costimulatory molecules, CD83 and MHC II, on circulating 
DCs was upregulated after intervention, indicating that the 
content of mature DCs was increased. Thereby, because of the 

noticeable ability of transferred DCs to activate inflammation, 
levels of the cytokines IL‑6, TNF‑α, IFN‑γ and IL-12p40 were 
remarkably increased, which coincided with augmentation of 
the accumulation of CD4+ T cells in atherosclerotic lesions. 
In addition, we studied the role of transferred DCs on athero-
sclerotic plaques. As anticipated, our results with ApoE-/- mice 
after injection of exogenous DCs displayed a significant 
increase in atherosclerotic lesions with less collagen content, 
which can contribute to plaque instability.

The functional significance, if any, of lipid accumula-
tion by DCs is not known and will be discussed below. For 
example, in WD‑fed LDLR-/- and ApoE-/- background mice in 
which the lifespan of DCs was enhanced by CD11c‑specific 
transgenic expression of the anti‑apoptotic protein Bcl‑2, there 
was a marked decrease in plasma cholesterol (20). However, 
we observed that elevation in the matured DC population after 
treatment with exogenous DCs led to markedly increased 
plasma cholesterol levels. This unexpected effect could be a 

Figure 4. Effects of DC transfer on atherosclerotic lesion development. (A) Representative images of Oil red O‑stained aortae after en face preparation and 
summary bar chart showing lipid burden over total aortic area for all treated mice. Representative section of aortic sinus stained with H&E to show plaque 
content (B), immunohistochemistry for CD4+ T cells (C), Masson's trichrome staining to show the fibrous area (D). Data are expressed as mean ± SD 
(n=6‑7). *P<0.05, mice treated with DCs vs. mice treated with PBS, #P<0.05 mice treated with DCs vs. mice fed a western diet. DCs, dendritic cells; PBS, 
phosphate‑buffered saline; H&E, hematoxylin and eosin.
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Figure 5. Transfer of DCs increases DC recruitment and numbers of foam cells in lesions. Tissue from the aortic sinus was subjected to immunofluorescence 
staining. In mice treated with PBS (A through C), mice treated with DCs (D through F) and mice fed a western diet (G through I), foam cells were co‑stained 
with CD11c and CD68. Representative photomicrographs of CD11c (green) and CD68 (red) in the sections of aortic sinus are shown. Nuclei are blue. DCs, 
dendritic cells; PBS, phosphate‑buffered saline.

Figure 6. Transfer of DCs upregulates the expression of TLR4 by endogenous DCs in the recipient. (A) Flow cytometric data of TLR4 on DCs in peripheral 
blood in mice treated with PBS, mice treated with DCs and mice fed a western diet. (B) Representative image of TLR4 content of a plaque area by immuno-
histochemistry. (C) Quantitative real‑time RT‑PCR analysis of the level of TLR4 in atherosclerotic lesions and in spleen tissue from the three groups. Data are 
expressed as mean ± SD (n=6‑7). *P<0.05, mice treated with DCs vs. mice treated with PBS. (D) Graphic summary of the mechanism via which exogenous 
DCs induced endogenous DC maturation in vivo by upregulation of TLR‑4, which accelerated atherosclerosis. DCs, dendritic cells; PBS, phosphate‑buffered 
saline; TLR4, Toll‑like receptor 4.
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consequence of a reduction of lipoprotein uptake and clear-
ance of DCs from the circulation by maturation. Accumulation 
of foam cells in atherosclerotic plaques is a hallmark of 
atherogenesis (21). Moreover, dead foam cells have the effect 
of activating inflammation and promoting the growth of 
the necrotic area in a plaque, leading to plaque rupture and 
the occurrence of clinical events (22,23). As Paulson et al 
reported, lipid accumulation could be found within vascular 
DCs in the arterial intima of LDLR-/- mice after a few days of 
hypercholesterolemia, and the foam cell‑like DCs may consti-
tute the formation of atherosclerotic plaques (12). We observed 
similar results, with CD11c/CD68‑positive content being 
abundant in the necrotic core of atherosclerotic plaques, which 
coincided with the severity of atherosclerosis. The deposition 
of foam cells in plaques has been implicated as a source of 
inflammatory cytokines, contributing to plaque rupture with 
hemorrhage and formation of thrombi.

As described, DCs are present in the immature state prior 
to antigen exposure, characterized by the ability to capture 
antigen but not expressing high levels of T cell costimulatory 
molecules or MHC II, while undergoing the progress of matu-
ration, which is associated with downregulation of the capacity 
of antigen capture, upregulation of MHC II and CD40, CD80, 
CD86 and migration to draining lymph nodes or other immu-
nization sites for antigen presentation to T cells (8). There is 
evidence that the TLR signaling pathway is a critical mediator 
of inflammation during atherosclerosis. More specifically, 
stimulation of DCs with TLR ligands induces DC matura-
tion and activation in vivo and in vitro (24). In our previous 
study, monocyte‑derived DCs were isolated and cultured from 
human peripheral blood, and shown to have increased levels 
of CD1a, CD80, CD83 and CD86 after stimulation appeared 
to coincide with the level of TLR4 (in press). Evidence for the 
involvement of TLR4 in the development of atherosclerosis is 
substantial, albeit largely indirect. However, one study reported 
that TLR4‑deficient mice appeared to develop more severe 
atherosclerosis, perhaps due to the mechanism of impaired 
regulatory T cell infiltration, and especially, a reduction of DC 
IL‑10, which is a regulatory T cell polarizing cytokine (25). 
Similarly, deficiency of MyD88 was associated with systemic 
defects in regulatory T cell development by blocking DC matu-
ration, leading to severe atherosclerosis (26). These intriguing 
results may be due to the role of regulatory T cells, a subset of 
T cells that is well known to be atheroprotective by inhibiting 
pro-atherogenic Th1 cell response and activating macrophages 
or DCs by secreting anti‑inflammatory cytokines such as 
IL‑10 and TGF‑β (27,28). However, our study suggested that 
the upregulation of TLR4 was correlated in general with the 
maturation of DCs, as well as the extent of atherosclerosis; 
thus, we speculate that activation of the TLR4 pathway has 
a dominant effect on the pro‑atherogenic role of DCs in acti-
vating T cells over the atheroprotective role of regulatory T 
cells in our model.

In this study, we report that injection of exogenous DCs 
could upregulative the expression of TLR4 on DCs, leading 
to activation of inflammatory mediators in the circulation and 
enhancing the number of DCs infiltrating into lesions, both 
of which aggravate atherosclerosis development. Our work 
represents an important step in establishing the important 
role of DCs in atherosclerosis and identifying a link between 

TLR4 signaling and atherosclerosis in vivo. However, further 
investigation will be required to elucidate the functions of DCs 
during the progression of atherosclerosis. Given the pro‑ and 
anti‑inflammatory functions of DCs, it is conceivable that their 
role in atherosclerosis is complex.
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